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Abstract
In order to detect markers for drought stress tolerance, field experiments in Ethiopia were conducted for three years at two 
naturally drought-prone locations and two optimum moisture locations using 239 Ethiopian barley landraces and 21 barley 
breeding lines. Furthermore, a climate chamber experiment applying drought stress at different water regimes (70% soil 
water capacity (WC) for control and 20% WC for drought stress conditions) after flowering was conducted for selected 196 
accessions. Results revealed reduced grain biomass by 47% and 80% under field and climate chamber conditions, respec-
tively, as well as significantly (p < 0.05) reduced days to maturity and plant height, in both experimental designs. Based on 
10,644 SNP markers, GWAS was conducted to identify marker trait associations (MTA) for drought stress tolerance. For 
days to maturity, relative chlorophyll content, plant height, number of seeds per spike, thousand kernel weight, and harvest 
index under field and climate chamber drought stress treatments, 58 significant MTAs were identified. In total, 41.4% of the 
MTAs were located on chromosome 2H, of which one is very close to the Ppd-H1 flowering locus. These findings underpin 
the importance of this genome region for drought tolerance. Another MTA on chromosome 1H was detected for days to 
maturity under field drought stress treatment in the vicinity of the known flowering time ELF3 gene. Additionally, 13 and 3 
Ethiopian landraces that tolerate severe and moderate drought stress in climate chamber and field experiments were identified, 
respectively, using drought indices. The results highlight the tolerance of Ethiopian landraces to different levels of drought 
stress as well as their potential to be considered in future barley improvement programs.
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Introduction

Crop production across Ethiopia is widely variable and 
highly reliant on weather conditions, which mainly vary 
due to the altitudinal gradient and the amount of rainfall 
(Gezie 2019). Almost all smallholder farmers in Ethiopia 
do not have supplementary irrigation facilities to ensure 
high yields during drought periods (Mendes and Pagli-
etti 2015). Therefore, farmers’ choice of specific crop and 
cultivar depends on the amount of rainfall received at that 
specific location (Asrat et al. 2010; Elisabeth 2004). The 
majority of smallholder farms (59%) in Ethiopia are in 
the highlands and are based on cereal farming systems 
with adequate rainfall, whereas farm areas in the drought-
prone highlands account for 26% of the total area culti-
vated (Taffesse et al. 2012). Drought prone areas do not 
only experience low annual rainfall but also high rainfall 
variability (Mersha 1999).

Barley is a major staple food in the extreme highlands 
of Ethiopia (Shewayrga and Sopade 2011), but it is also 
grown in diverse agro-ecologies. It is used to prepare var-
ious food recipes (Arthur 2014; Shewayrga and Sopade 
2011). Barley small-holder farmers tend to plant diversi-
fied landraces to minimize risks caused by harsh weather 
conditions (Di Falco and Chavas 2009). Out of the total of 
cereal producing farmers in Ethiopia, 24.5% are engaged 
in barley production, and the production covers 7.8% and 
6.4% of the total cereal production area and cereal har-
vested yield, respectively (CSA 2019).

Ethiopia is a recognized global center of genetic diver-
sity for barley (Harlan 1992; Vavilov 1951), and the 
genetic diversity is mainly influenced by the diversification 
of soils, climate, altitude and topography, different farming 
systems, together with the geographical isolation of the 
country for long periods (Harlan 1976; Mekonnon et al. 
2015). Ethiopian barley landraces have high potential for 
drought tolerance and landraces collected from wide geo-
graphical locations of the country have demonstrated dif-
ferences in earliness (Engels 1991), and higher yield sta-
bility with a comparative grain yield gain than improved 
cultivars (Abay and Bjørnstad 2009; Wosene et al. 2015). 
Therefore, Ethiopian landraces may use multiple drought 
tolerance mechanisms to alleviate the different levels of 
drought stress.

Genome wide association studies (GWAS) were ini-
tially used in human genetics to identify marker trait 
associations (MTAs) for the trait of interest (Risch and 
Merikangas 1996) and nowadays, it is widely used in plant 
genetics and breeding to identify quantitative trait loci 
(QTLs) for important traits (Ingvarsson and Street 2011). 
Many GWAS were conducted to identify genes controlling 
flowering time in plants, such as maize (Andersen et al. 

2005; Camus-Kulandaivelu et al. 2006; Salvi et al. 2007), 
Arabidopsis (Olsen et al. 2004; Zhao et al. 2007), and bar-
ley (Kraakman et al. 2006), which is one of the significant 
traits influencing tolerance to drought stress.

GWAS were also specifically used to investigate drought 
tolerance in barley. Although only a few MTAs with limited 
phenotypic variation were reported by Varshney et al. (2012), 
in the succeeding studies, significant QTLs that influence 
the phenotype as well as the physiological and metabolic 
activities of juvenile barley genotypes grown under drought 
stress conditions were identified by Wehner et al. (2016a, b), 
Wehner et al. (2015), and Xiong et al. (2023). QTLs associ-
ated with seed germination (Thabet et al. 2018), water use 
efficiency, relative water content, and photosynthesis-related 
traits (Wójcik-Jagła et al. 2018), internode length and flag 
leaf length (Jabbari et al. 2018), spikelet organs, and number 
of grain per spike (Thabet et al. 2020) were identified under 
drought conditions. Candidate genes associated with drought 
tolerance that influence grain yield and associated traits (Li 
et al. 2022), and drought triggered environmental signals 
(Elbasyoni et al. 2022) were also reported. Post flowering 
drought experiment also revealed QTLs influencing drought 
tolerance in barley (Afsharyan et al. 2023).

Backcross populations developed from highly drought-
tolerant Spanish landraces and elite cultivars (Monteagudo 
et al. 2019), and recombinant lines derived from thermo-
tolerant ‘Otis’ cultivar and Golden Promise cultivar (Ajayi 
et al. 2023) were used to investigate QTLs for grain yield 
and related traits using the 50 k iSelect chip (Bayer et al. 
2017). The result concluded that QTLs positively contribut-
ing for drought tolerance were obtained from landraces and 
thermo-tolerant ‘Otis’ cultivar.

Because Ethiopia is a center of diversity for barley and its 
production is in diverse eco-geographic environments, Ethi-
opian landraces appear to be suitable for identifying QTL 
for drought tolerance. The presence of molecular genetic 
diversity in Ethiopian barley was reported by Abebe and 
Léon (2013), Abebe et al. (2013), Demissie et al. (1998), 
and Teklemariam et al. (2022), but their drought tolerance 
potential was not studied using a high density marker like 
the 50 k iSelect chip. Thus, this study aims at identifying 
drought tolerant barley genotypes in Ethiopian landrace col-
lections and their respective QTLs, and QTL regions for 
selected traits influencing drought stress tolerance using 50 k 
iSelect chip by applying GWAS.

Materials and methods

Field experiment

260 barley accessions, including 239 barley landraces pro-
vided by the Ethiopian Biodiversity Institute and 21 barley 
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breeding lines provided by the Holetta National Barley 
Improvement Program, were used for field experiments 
conducted for three years (2016–2018) at four locations. 
Field stations were at two naturally optimum moisture loca-
tions (Holetta and Debrezeit), which were designated as field 
control (FC) treatments and two naturally drought prone 
locations (Melkassa and Dera) which were assigned as field 
drought stress (FS) treatments. FS experiments were con-
ducted in the central rift valley (CRV) of Ethiopia, and Kas-
sie et al. (2013) reported that the longer dry spell in the CRV 
starts in September which coincides with the post flowering 
development cycle of barley (Figure S1a-b). Because above-
average rainfall was observed in all research locations during 
the 2017 cropping season, no drought stress appeared, and 
all data from 2017 were excluded from the analyses. Fur-
thermore, the 2018 Debrezeit data were excluded from the 
analyses due to the presence of poor germination at this site.

Field trials were conducted in an alpha-lattice design 
with three replications. Fifty seeds of each accession were 
sown in a single row of 1 m in length and 20 cm between 
rows (Figure S1a-d). The geographic coordinates, soil type, 
altitude, seasonal temperature, and rainfall of each research 
experimental location are provided in Supplementary 
Table S1.

Climate chamber experiment

The climate chamber experiments were conducted at the 
Julius Kühn Institute (JKI), Federal Research Centre for Cul-
tivated Plants, Institute for Resistance Research and Stress 
Tolerance, Quedlinburg, Germany with 196 accessions. 
These were selected by the least‐square means (lsmeans) 
of grain biomass of 2016 drought stress locations and 2017 
Holetta (control treatment) by three drought indices namely, 
drought susceptibility index, tolerance index, and yield 
reduction index, as described by Asgarinia et al. (2017). The 
results were used to cluster the 260 accessions into seven 
clusters, using SAS ‘proc cluster’ procedure (SAS Institute 
2019), and 75.4% of accessions were randomly selected 
from each cluster to accommodate a set of 196 accessions 
used for climate chamber experiments.

Pots with size of 15 * 15 * 20 cm were filled with 1500 g 
of soil (Einheitserde ED73; H. Nitsch & Sohn GmbH & 
Co. KG, Germany). The water capacity (WC) of the soil 
was determined by analyzing the weight difference between 
fully hydrated soil to oven dried soil according to Paech and 
Simonis (1952) as described in Wehner et al. (2016a, b). 
Three plants were grown per pot and the experiment was 
arranged in a split plot design with two replications. Pots 
were watered up to 70% WC until flowering, then the pots 
under drought treatment were kept at 20% WC, which was 
considered as climate chamber drought stress (CS) treatment 
and pots under optimum watering treatment were watered up 

to 70% WC hereafter assigned as climate chamber control 
(CC) treatment (Figure S1e–h).

The climate chamber was kept at 13/11 h day/night pho-
toperiod, with 18/14 °C day/night temperature during the 
vegetative growth stage and 22/16 °C day/night after flower-
ing, and 25/18 °C day/night during the maturation period.

During the experimental period, the accessions were eval-
uated for several physiological parameters. Days to flower-
ing (DFL), which was recorded at Zadoks’ stages 58 (Z58) 
in field experiments and at Zadoks’ stages 49 (Z49) in the 
climate chamber (Zadoks et al. 1974). Relative chlorophyll 
content (SPAD), which was measured using the SPAD-502 
Plus instrument (Minolta, Co., Ltd., Japan) as described in 
Wehner et al. (2016a, b), in the field experiments, the mean 
measurement of three selected plants and five measurements 
per flag leaf a week after DFL were recorded, whereas in 
the climate chamber experiment, the mean measurement of 
three plants and five measurements per flag leaf a week after 
20% WC of CS treatment were recorded. Measurements for 
both CC and CS treatments were taken on the same day. 
Days to physiological maturity (DM), which were recorded 
at Zadoks’ stages 90 (Z90) (Zadoks et al. 1974). Plant height 
in cm (PH), the measurement was taken after physiological 
maturity (in centimeters), in field experiments, it was the 
mean value of five plants, while in climate chamber experi-
ments, it was the mean value of three plants. Number of 
seeds per spike (NSdPS), which was the mean number of 
seeds per spike of ten plants in field experiments, while in 
the climate chamber experiment, it was the total number 
of harvested seeds divided by the total number of spikes. 
Thousand kernel weight in grams (TKW); Grain biomass 
in grams (GB), which represents the total harvested grains 
of a plot in grams. Harvest index (HI), which was the total 
grain biomass of ten plants in grams divided by the oven dry 
biomass of ten plants in grams for field experiments, while 
for the climate chamber experiment, the total grain biomass 
of three plants in grams was divided by the oven dry biomass 
of three plants in grams.

Statistical analyses

Statistical analysis of phenotypic data was performed with 
the statistics package SAS 9.4 software (SAS Institute 2019). 
The procedure ‘proc mixed’ was used for ANOVA and esti-
mation of least‐square means (lsmeans) of traits analyzed. 
The model was fitted to the trait of interest as dependent 
variable; accessions and watering treatments were consid-
ered as fixed effects, while year, location, replication, and 
blocks were used as random effects. The effect of accessions 
interaction with treatment was also included as a fixed effect 
to estimate lsmeans of each trait.

The variance components and heritability (h2) of traits 
were analyzed using ‘lme4’ R-package (Bates et al. 2014; R 
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Core Team 2019), for experiments conducted for more than 
one year. Genotype by environment interaction and geno-
type by year interaction were included as random factors. 
Variance of genotype (σ2

g), genotype × environment (σ2
gl), 

genotype × year (σ2
gj), residual variance components (σ2), 

replication (rep), number of location (nl), and number of 
years (ny) were estimated, and broad sense heritability was 
calculated as:

The Harmonic mean (HM) drought index was used in 
this study to identify more stable genotypes in moderate 
drought stress treatment (Akçura et al. 2011; Clarke et al. 
1992; Guttieri et al. 2001). HM was also used to identify the 
most stable accessions in field trials, whereas the drought 
susceptible index (DSI) was used to identify drought tolerant 
accessions in severe drought condition like in the climate 
chamber experiment (Fernández 1992).

Abbreviations represent grain biomass under drought 
stress treatment (Ys), grain biomass under control treat-
ment (Yp), total grain biomass mean under drought stress 
treatment (Ῡs), and total grain biomass mean under control 
treatment (Ῡp).

Genotyping

The markers from the 50 k SNP iSelect chip (SGS Trait 
Genetics) were filtered for < 5% missing values, > 3% minor 
allele frequency, and < 12.5% heterozygous SNPs result-
ing in a set of 10,644 SNP markers, which were used for 
genomic clustering in Teklemariam et al. (2022). Using 
these, the presence of three distinct subpopulation structure 
was demonstrated in Teklemariam et al. (2022) using STRU​
CTU​RE analysis (Pritchard et al. 2000), principal coordinate 
analysis (Perrier and Jacquemoud‐Collet 2006) and neigh-
bor-joining dendrogram (Saitou and Nei 1987). BLINK, 
utilizes the linkage disequilibrium information to enhance 
statistical power (Huang et al. 2018).

The linkage disequilibrium (LD) between all pairs of SNP 
markers within one chromosome was estimated using pair-
wise LD calculation of ‘genetics’, ‘Ldheatmap’ and ‘trio’ R 
packages (R Core Team 2019; Shin et al. 2006; Warnes et al. 
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Ῡp

)]

2013), at 0.1 critical squared allele frequency correlation (r2) 
value (Oyiga et al. 2018; Voss-Fels et al. 2015).

Genome wide association studies (GWAS)

A final set of 10,644 highly polymorphic SNP markers with 
their physical position as well as lsmeans of phenotypic data 
were used to conduct GWAS. Furthermore, population struc-
ture (“PCA.total = 3”) was used as correction factor. The 
analysis was conducted using R v.4.1.2 software (R Core 
Team 2021) and the “Bayesian-information and Linkage-
disequilibrium Iteratively Nested Keyway (BLINK)” model 
(Huang et al. 2018).

Markers with a false discovery rate (FDR) of adjusted 
p-value < 0.05 (Benjamini and Hochberg 1995) were con-
sidered as significant. Significant markers obtained for each 
trait in the workflow were analyzed to be linked based on 
each chromosome LD value on which they were detected, 
and in case the significant markers were linked, the marker 
with the smallest p-value was selected to represent the peak 
marker of this QTL. The identified QTLs were graphically 
presented using MapChart 2.32 software (Voorrips 2002). 
The functional annotation was analyzed by BARLEYMAP 
(https://​flore​sta.​eead.​csic.​es/​barle​ymap) (Cantalapiedra et al. 
2015) against the Morex genome v2 (Mascher et al. 2017), 
and genes located on the MTA positions were searched in 
each query and considered as candidate genes in the study.

Results

Phenotypic variation on drought stress tolerance

The presence of genetic diversity in the 260 Ethiopian 
genotypes was reported in Teklemariam et al. (2022). In 
accordance with this result, the summary of analyzed data 
also revealed the presence of extensive variation among the 
Ethiopian barley study panel for different traits (Table 1). 
The least coefficient of variance (CV) was observed for DM 
(9.4–11.9%) across all treatments and experiments. The 
highest CV was observed for NSdPS in FS (64.6%) and FC 
(64.1%), while GB (78.0%) and HI (110.8%) had the highest 
CV in CC and CS, respectively (Table 1).

The mean values for all traits under drought stress were 
smaller than the mean values under control conditions, 
except for DFL in the climate chamber experiment, likely 
because of CS and CC plants were watered at 70% WC until 
flowering (Figure S1e–h and Table 1). The highest reduc-
tion was observed for GB, which showed 47.4% and 79.8% 
reduction for FS and CS treatments compared to FC and 
CC treatments, respectively (Table 1). NSdPS (41.4%) and 
PH (32.6%) of field experiments showed a high reduction 
compared to other traits. Reduction of SPAD (71.2%) and 

https://floresta.eead.csic.es/barleymap
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HI (57.9%) of climate chamber experiments was also high. 
The smallest reduction was observed for TKW (4.2%) and 
NSdPS (1.0%) for field and climate chamber experiments, 
respectively (Table 1). As accessions were kept on 20% 
WC and in controlled environment during CS treatment, 
the percentage of reduction of most traits was higher in the 
climate chamber experiment than in the field experiments. 
The heritability of traits in the FS treatment ranged from 
h2 = 48.8–86.1%; while for FC the heritability ranged from 
h2 = 12.4–90.7% (Table 1). The heritability for GB under 

FC and FS treatments was 41.0% and 76.4%, respectively, 
whereas the heritability of NSdPS and HI in FC was the 
least (Table 1).

13 accessions namely, B145.1, B191.1, B56.2, B5.1, 
B205, B202, B242, B213, B6, B160.2, B112.2, B143, and 
FTCG20 revealed DSI < 0.4 in climate chamber experi-
ments. Three accessions namely, FTCG17, B185, and 
B137, were selected based on their stable GB in both FC 
and FS as they exhibited HM > 77.0. Among the top 50 
accessions selected based on the results of DSI and HM, 7 

Table 1   Descriptive statistics for field experiments for the three years and for the climate chamber experiments for the two replications

DFL Days to flowering, DM Days to maturity, PH Plant height in centimeter, GB Grain biomass in gram, NSdPS Number of seeds per spike, 
TKW Thousand kernel weight in gram, HI Harvest index, FC Field experiments in two naturally optimum moisture locations, FS Field experi-
ments in two naturally drought prone locations, CC Climate chamber watering control treatment (70% WC), CS Climate chamber drought stress 
treatment (20% WC), LSD Least significant difference, *Reduction = ((mean of optimum − mean of deficit)/mean of optimum) *100, “–” MTA 
not analysed; FC and FS data of 2017 were not included as no drought stress appeared in FS locations; and 2018 Debrezeit data were excluded 
from FC analyses due to the presence of poor germination data at the site

Exp Cond Trait Mean Standard 
deviation

Minimum Maximum LSD (p < 0.05) Coefficient 
of variation

Heritability *Reduction Number 
of MTAs

Field FC DFL 70.2 10.2 41.0 98.0 9.56 14.5 90.7% –
SPAD 36.08 7.39 4.30 63.30 5.94 20.48 48.7% 2
DM 109.4 11.6 80.0 155.0 13.24 10.6 31.5% 2
PH 108.8 15.1 62.0 154.6 17.20 13.9 50.7% 3
GB 72.4 37.7 0.3 246.2 41.29 52.0 41.0% 6
NSdPS 21.8 13.9 1.2 75.7 15.26 64.1 24.1% 5
TKW 40.7 10.3 0.0 96.8 10.35 25.2 69.9% 5
HI 0.28 0.09 0.00 1.00 0.07 31.57 12.4% 0

FS DFL 63.1 12.1 37.0 113.0 8.31 19.1 86.1% 10.1% –
SPAD 31.09 11.18 3.10 64.00 4.99 35.97 43.9% 13.8% 2
DM 86.2 8.1 63.0 127.0 6.21 9.4 64.9% 21.3% 5
PH 73.3 13.9 36.0 116.0 11.14 19.0 53.1% 32.6% 3
GB 38.1 23.2 0.3 153.6 16.40 60.9 76.4% 47.4% 3
NSdPS 12.8 8.3 1.0 51.6 6.43 64.6 48.8% 41.4% 5
TKW 39.0 11.3 0.0 104.6 7.58 28.9 76.0% 4.2% 3
HI 0.23 0.12 0.00 2.00 0.08 51.54 72.7% 17.9% 2

Climate chamber CC DFL 107.5 22.3 70.0 210.0 40.17 20.8 –
SPAD 30.2 10.6 1.1 59.5 17.23 35.3 1
DM 163.0 15.4 118.0 214.0 22.95 9.4 2
PH 103.9 12.8 64.7 158.0 21.4 12.4 1
GB 4.6 3.6 0.0 18.2 5.87 78.0 1
NSdPS 9.6 6.0 0.3 44.9 9.2 62.3 0
TKW 39.5 9.6 5.0 66.3 15.7 24.2 5
HI 0.19 0.13 0.00 0.50 0.16 68.6 1

CS DFL 111.4 22.4 74.0 207.0 34.92 20.1 − 3.% –
SPAD 8.7 5.0 0.8 45.8 7.60 57.0 71.2% 2
DM 142.0 17.0 109.0 204.0 29.97 11.9 12.9% 3
PH 97.6 11.4 53.7 140.0 17.7 11.7 6.06% 3
GB 0.9 0.7 0.0 3.4 1.10 71.8 79.8% 4
NSdPS 9.5 7.0 0.3 39.3 12.2 74.5 1.0% 4
TKW 31.1 10.2 3.3 59.8 19.1 32.9 21.3% 4
HI 0.08 0.09 0.00 0.50 0.12 110.8 57.9% 15
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overlapping accessions, namely B185, B191.1, FTCG2, B7, 
B34, FTCG13, and B260, were identified, whereas B191.1 
was the only overlapping accession when the top 20 acces-
sions from both indices were considered (Supplementary 
Table S2).

A highly significant genotype effect (p < 0.001) was 
observed for all traits in field and climate chamber experi-
ments (Table 2). The interaction between accessions and 
treatment was also significant (p < 0.05) for all traits except 
for DM of field experiments and DFL, DM, PH, NSdPS, 
and TKW in climate chamber experiments. The difference 
between drought stress and control treatments was found 
to be significant (p < 0.05) for all traits except DFL, SPAD, 
TKW, and HI in field experiments, and NSdPS in climate 
chamber experiments (Table 2).

Pearson’s correlation coefficient (r) revealed a very strong 
positive correlation between DFL and DM of FC and FS 
treatment, with r = 0.87 and r = 0.81, p < 0.001, respectively 
(Table 3). In accordance, the highest correlation coeffi-
cients were observed for the climate chamber experiment 
between DFL and DM for CS (r = 0.85, p < 0.001) and CC 
(r = 0.72, p < 0.001), as well as between HI and GB (r = 0.83, 
p < 0.001) for CS and CC (Table 4). DFL, GB, NSdPS and 
HI of FS were found to be correlated with all traits (Table 3). 
DFL, GB and HI of CS were correlated with all traits except 
SPAD, and SPAD of CS was not correlated with any of the 
traits (Table 4).

DM was strongly negatively correlated -0.21 ≤ r ≥  − 0.61, 
p < 0.001 with most traits but not correlated with PH and 
positively correlated r = 0.57, p < 0.001 with SPAD in 
FS. Similarly, DM was also strongly and negatively cor-
related − 0.26 ≤ r ≥  − 0.37, p < 0.001 with most traits but 
not correlated with TKW and SPAD in CS (Tables 2 and 
3). Therefore, the correlations suggest that DM is the most 
important trait to identify drought tolerance in Ethiopian 
barley accessions rather than NSdPS, as there was a reason-
able reduction (21.3% in FS and 12.9% in CS) compared to 
their respective control treatment and significant difference 
was observed due to drought stress (Tables 1 and 2).

Results obtained in climate chamber experiments of the 
196 accessions were also correlated with field experiments. 
Positive correlations (p < 0.001) were detected except for 
SPAD of FS and CS (Table 5). The highest correlation 
coefficient between the drought treatments was observed 
for DFL (r = 0.57) while the smallest significant correlation 
coefficient was for PH (r = 0.24). Correlation coefficients of 
DM, GB and HI were (r = 0.46, r = 0.40, and HI r = 0.47), 
respectively (Table 5).

For the control treatments, HI (r = 0.24), NSdPS 
(r = 0.38), and DFL (r = 0.38) of CC were positively corre-
lated (p < 0.001) with their corresponding traits estimated in 
FC, while PH (r = 0.22) at (p < 0.01), and DM (r = 0.18) and 
TKW (r = 0.18) at (p < 0.05) were also found to be positively 
correlated but GB and SPAD were not correlated, with their 
respective traits in CC and FC (Table 5).

Genome wide association studies (GWAS)

The overall LD decay value at r2 of 0.1 was 3.06 Mbp. Chro-
mosome 3H showed the largest decay of 5.08 Mbp, while 
chromosome 1H and 6H showed the lowest decay of 2.33 
and 2.31 Mbp respectively (Table 6).

The Quantile–quantile (QQ) plots demonstrated that the 
majority of GWAS results were found to be efficiently fitted 
to the BLINK model (Figure S2). GWAS identified a total 
of 92 MTAs, based on false discovery rate (FDR) adjusted 
p-values < 0.05 (Benjamini and Hochberg 1995). In sum-
mary, 23, 35, 23, and 11 MTAs were identified in FS, CS, 

Table 2   ANOVA result with F-value and P-value for the analyzed 
variables in field and climate chamber experiments

DFL Days to flowering; SPAD Relative chlorophyll content; DM 
Days to maturity; TKW Thousand kernel weight; NSdPS Number 
of seeds per spike, GB Grain biomass, PH Average plant height; HI 
Harvest index; A x T Accessions and treatment interaction. Addition-
ally, data of 2017 were not included as no drought stress appeared in 
field naturally drought prone locations; and 2018 Debrezeit data were 
excluded from FC analyses due to the presence of poor germination 
data at the site

Trait Effects Field experiment Climate chamber 
experiment

F-value P-value F-value P-value

DFL Accessions 19.46 < 0.001 4.27 < 0.001
Treatment 0.52 0.470 4.73 0.030
A X T 1.76 < 0.001 0.79 0.969

SPAD Accessions 3.07 < 0.001 2.43 < 0.001
Treatment 0.62 0.432 1952.73 < 0.001
A X T 1.33 < 0.001 1.41 0.002

DM Accessions 5.63 < 0.001 3.57 < 0.001
Treatment 3.84 0.050 502.62 < 0.001
A X T 0.94 0.745 0.97 0.599

PH Accessions 3.55 < 0.001 3.02 < 0.001
Treatment 4.46 0.035 77.56 < 0.001
A X T 1.16 0.046 0.78 0.976

GB Accessions 3.78 < 0.001 2.03 < 0.001
Treatment 16.76 < 0.001 490.70 < 0.001
A X T 2.12 < 0.001 1.48 0.001

NSdPS Accessions 7.01 < 0.001 2.78 < 0.001
Treatment 4.39 0.036 0.73 0.394
A X T 2.09 < 0.001 0.78 0.965

TKW Accessions 6.96 < 0.001 1.71 < 0.001
Treatment 0.29 0.589 150.31 < 0.001
A X T 1.68 < 0.001 1.17 0.111

HI Accessions 2.04 < 0.001 6.00 < 0.001
Treatment 0.04 0.835 474.19 < 0.001
A X T 1.37 < 0.001 1.60 < 0.001
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FC, and CC, respectively (Supplementary Table S3). These 
correspond to 84 QTLs, of which 23, 23, 27, and 11 were 
detected in FC, FS, CS and CC, respectively, based on the 
LD values of each chromosome. As 83 of 84 (98.8%) QTLs 
were represented by just one SNP marker (Supplementary 
Table S3), the main focus will be on MTAs in this study. 
Overall, the most MTAs were detected for HI (18), GB (14) 
and TKW (17); while the lowest number was detected for 
SPAD (7), and specifically, no markers were detected for HI 
in FC and NSdPS in of CC (Table 1). The highest number 
of 17 MTAs in drought stress treatments was detected for 
HI (CS = 15 and FS = 2), though 9 of the 15 CS MTAs were 
clustered on chromosome 2H between 711.75 and 712.33 
Mbp and represented by one QTL, followed by 9 MTAs 
for NSdPS (FS = 5 and CS = 4) (Table 1). The least number 
of 4 MTAs were recorded for SPAD (FS = 2 and CS = 2) 
(Table 1).

Common markers detected in this study, which represent 
two or more MTAs were “JHI-Hv50k-2016-19711”, “JHI-
Hv50k-2016-31649”, “JHI-Hv50k-2016-73780”, “JHI-
Hv50k-2016-108079”, and “JHI-Hv50k-2016-281531”. 
Apart from the marker “JHI-Hv50k-2016-31649” on chro-
mosome 1H at 427.69 Mbp, all markers revealed at least 
one association under drought stress treatments (Table 7, 
and Supplementary Table S3). The only common marker 
detected between field experiments (TKW of FC) and cli-
mate chamber experiments (DM of CC; and, HI and GB 
of CS) was “JHI-Hv50k-2016-73780” that is located on 
chromosome 2H at 29.85 Mbp (Table 7 and Supplementary 
Table S3).

MTAs or QTLs that are at a locus of the chromosome 
with a physically distance less than the chromosome’s LD 
value are considered as linked; there were 17 loci carrying 
50 linked MTAs in this study (Supplementary Table S3). 

Table 3   Pearson’s correlation coefficient (r) analysis results for the field experiment; above the diagonal boxes for FC treatment, below the 
diagonal boxes for FS treatment

DFL Days to flowering; SPAD Relative chlorophyll content; DM Days to maturity; PH Average plant height; GB Grain biomass, TKW Thou-
sand kernel weight; NSdPS Number of seeds per spike, HI Harvest index; ***significant at p < 0.001, **significant at p < 0.01, *significant at 
p < 0.05, and ns for non-significant. Additionally, data of 2017 were not included as no drought stress appeared in field naturally drought prone 
locations; and 2018 Debrezeit data were excluded from FC analyses due to the presence of poor germination data at the site

Control treatment

DFL SPAD DM PH GB TKW NSdPS HI

Drought stress treatment DFL 0.63*** 0.87*** 0.10ns 0.04ns 0.15* 0.14* − 0.28***
SPAD 0.60*** 0.59*** 0.15* 0.19** 0.15* 0.21*** − 0.06ns

DM 0.81*** 0.57*** 0.16** 0.12* 0.22*** 0.11ns − 0.23***
PH − 0.18** − 0.04ns − 0.08ns 0.43*** 0.42*** 0.05ns 0.03ns

GB − 0.69*** − 0.42*** − 0.58*** 0.41*** 0.39*** 0.15* 0.25***
TKW − 0.35*** − 0.09ns − 0.26*** 0.28*** 0.29*** − 0.49*** − 0.15*
NSdPS − 0.25*** − 0.19** − 0.21*** 0.20** 0.48*** − 0.31*** 0.42***
HI − 0.70*** − 0.45*** − 0.61*** 0.15* 0.76*** 0.21*** 0.45***

Table 4   Pearson’s correlation coefficient (r) analysis results for the field experiment; above the diagonal boxes for CC treatment, below the 
diagonal boxes for CS treatment

DFL Days to flowering; SPAD Relative chlorophyll content; DM Days to maturity; PH Average plant height; GB Grain biomass, TKW Thou-
sand kernel weight; NSdPS Number of seeds per spike, HI Harvest index; ***significant at p < 0.001, **significant at p < 0.01, *significant at 
p < 0.05, and nsfor non-significant

Control treatment

DFL SPAD DM PH NSdPS GB TKW HI

Drought stress treatment DFL − 0.08ns 0.72*** − 0.28*** − 0.42*** − 0.55*** − 0.44*** − 0.70***
SPAD − 0.09ns 0.05ns 0.16* 0.36*** 0.28*** 0.21** 0.20**
DM 0.85*** − 0.02ns − 0.25*** − 0.34*** − 0.42*** − 0.46*** − 0.58***
PH − 0.22** 0.12ns − 0.26*** 0.29*** 0.40*** 0.47*** 0.34***
NSdPS − 0.41*** 0.11ns − 0.36*** 0.18* 0.57*** 0.36*** 0.67***
GB − 0.46*** − 0.02ns − 0.37*** 0.21** 0.80*** 0.29*** 0.83***
TKW − 0.22*** − 0.12ns − 0.07ns 0.20** 0.14* 0.37*** 0.34***
HI − 0.53*** − 0.03ns − 0.47*** 0.14ns 0.65*** 0.83*** 0.30***
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In the drought stress treatments 32 of the 50 linked MTAs 
(FS = 12 and CS = 20) were detected distributed along 16 
different loci, while the remaining 18 linked MTAs (FC = 10 
and CC = 8) were detected in control conditions, which cor-
respond to 13 different loci. Regarding drought stress treat-
ments, the highest number of linked MTAs was detected 
for HI (15), which were distributed over six different loci 
that represent six QTLs followed by NSdPS, which had five 
linked MTAs, distributed across five different loci (Supple-
mentary Table S3).

Few results of GWAS are in loci close to known flower-
ing genes Ppd-H1 and ELF3, which are on chromosome 2H 
at 29.1 Mbp and chromosome 1H at 556.9 Mb respectively, 
and barley row type-determining genes Vrs1 and Vrs2, which 
are on chromosome 2H at 652.0 Mbp and chromosome 5H 
at 562.55 Mbp respectively (Table 7 and Supplementary 
Table S3). The correlation analysis showed the presence of 
strong associations of DFL with all traits in FS and with all 

but not SPAD in CS (Tables 3 and 4), therefore the flowering 
determining genes may have a significant effect on different 
traits. The influence of six- and two-rowed barley types on 
the number of fertile kernels, grain yield stability, and kernel 
weight was described in Kandic et al. (2019), as well as the 
fact that the critical period to determine the grain number is 
much earlier than the flowering time, can be used to explain 
the involvement of the row type determining gene in drought 
stress treatments.

Linked QTLs or MTAs that are detected for the same trait 
in both control and drought stress treatments are considered 
constitutive. “JHI-Hv50k-2016-108079” was the only con-
stitutive marker found on chromosome 2H at 654.17 Mbp for 
TKW in FC and FS (Table 7 and Supplementary Table S3). 
Furthermore, there were two constitutive MTAs detected 
between the same traits of climate chamber and field experi-
ment treatments. The first one is located on chromosome 2H 
(674.26–676.78 Mbp) for TKW in CC and FS, while the sec-
ond one is for GB in CS and FC mapped on 5H (10.35–11.77 
Mbp) which also possessed constitutive markers for PH in 
FC and FS.

The MTAs on chromosome 2H (764.05–766.08 Mbp) 
were the only overlapping MTAs identified for the same 
trait (HI) of drought stress treatment in the field and climate 
chamber experiment (Table 7, Fig. 1, and Supplementary 
Table S3).

Both experiments’ drought stress treatments revealed 
higher LOD values for MTAs than the control treatments. 
The first and the third highest LOD values were observed 
at the locus of multiple significant marker trait associations 
on chromosome 2H at 29.85 Mbp for HI (LOD = 18.6), and 
GB (LOD = 11.0) of CS. There were also other MTAs at 
this locus, namely for NSdPS (LOD = 9.0), DM (LOD = 7.2) 
and TKW (LOD = 5.7) of the CS, CC, and FC, respectively 
(Table 7). The MTA with the second highest LOD = 15.1 
was found on chromosome 2H at 676.78 Mbp for TKW 
in FS. In LD with this MTA, there is a constitutive MTA 
associated with TKW in CC at 674.26 Mbp with LOD = 5.3 
(Table 7, and Fig. 1). The highest LOD value for a locus car-
rying MTAs only in drought stress treatments was observed 
on 2H at 79.85 Mbp for TKW (LOD = 9.5) (Table 7). In 
general, the LOD values of MTAs under CS were higher 
than FS (Table 7).

The highest marker effect was observed for FC of GB 
(− 10.99), and CS of DM (− 10.35) both from chromosome 
5H at 6.20, and 635.61 Mbp respectively; followed by CS 
of TKW (9.68) and DM (− 9.42); and FS of TKW (8.53) on 
chromosome 6H, 5H and 2H at 558.88, 595.35, and 676.78 
Mbp, respectively; while the least effect (− 0.02 to 0.06) 
was observed for all significant markers observed for HI 
(Table 7, and Supplementary Table S3).

Six out of the seven highest PVE values were observed 
from the climate chamber experiment. DM of CS (33.12%), 

Table 5   Pearson’s correlation coefficient (r) analysis of similar traits 
between 196 corresponding accessions of field drought stress and cli-
mate chamber drought stress as well as for field control treatment and 
climate chamber control treatment

DFL Days to flowering; SPAD Relative chlorophyll content; DM 
Days to maturity; PH Average plant height; GB Grain biomass, TKW 
Thousand kernel weight; NSdPS Number of seeds per spike, HI Har-
vest index; ***significant at p < 0.001, **significant at p < 0.01, *sig-
nificant at p < 0.05, and n for non-significant

Traits Drought stress treatments Control treatment
r of traits r of traits

DFL 0.57*** 0.38***
SPAD 0.11ns 0.13ns

DM 0.46*** 0.17*
PH 0.24*** 0.22**
NSdPS 0.52*** 0.38***
TKW 0.38*** 0.18*
GB 0.40*** 0.11ns

HI 0.47*** 0.24***

Table 6   Linkage disequilibrium 
(LD) decay values of Ethiopian 
barley landraces across the 
seven chromosomes based on 
(r2 = 0.1)

Chromosome LD 
decay 
(Mbp)

1H 2.33
2H 3.57
3H 5.08
4H 3.82
5H 2.62
6H 2.31
7H 3.82
Over all 3.06
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PH of CC (29.40%), and TKW of FS (27.28) were the three 
highest on chromosome 5H at 635.61 Mbp and 2H at 45.57 
and 676.78 Mbp, respectively, while PVE values close to 
zero were recorded from HI of CS on chromosome 2H at 
13.27, 48.45, and 712.18 Mbp; and from the field experi-
ment GB (0.71%) and DM (0.86%) of FC and NSdPS of FS 
(0.91%), were with the least PVE values on chromosome 
4H at 535.42 Mbp, 1H at 27.68 Mbp, and 2H at 92.21 Mbp, 
respectively (Table 7 and Supplementary Table S3).

On chromosome 2H the highest number of significant 
MTAs was assigned (36) with the highest LOD values, 
while on chromosome 3H the least number of MTAs (4) 
was detected (Supplementary Table S4). MTAs detected for 
CS were found on all chromosomes, whereas for FS on all 
except chromosome 3H. Furthermore, the number of MTAs 
detected in FS and CS on chromosomes 1H, 2H, 6H, and 
7H were either equal or higher than the number of MTAs 
detected in FC and CC (Fig. 1). On chromosomes 2H, 6H 
and 1H, 16 out of 23 detected MTAs for FS are located, 
while on chromosomes 2H, 1H and 5H, 25 of the 35 detected 
MTAs in CS were detected (Supplementary Table S4).

Discussion

The amount of rainfall reduction during the main cropping 
season of the FS experimental locations in Ethiopia reached 
up to 40% compared with the FC locations (Supplementary 
Table S1). The FS experiments were conducted in the central 
rift valley (CRV) of Ethiopia, where the pattern of rainfall 
through the main cropping season is erratic, unpredictable, 
and variable compared to other locations in Ethiopia (Adi-
massu et al. 2014). The extended dry spell starts in general 
in September (Kassie et al. 2013). Bekele et al. (2019), and 
Bekele et al. (2016) also predicted that the pattern on the 
onset of the dry spell would persist in CRV at least until the 
end of the century.

Thus, drought stress experiments in the CRVs help in the 
identification of early flowering accessions that are capable 
of completing their life cycle before the onset of the dry 
period (Chaves et al. 2003). Medium-flowering accessions 
can also tolerate post-flowering drought stress through mini-
mizing water loss, increasing water uptake through high root 
biomass, osmotic adjustment or storage of different compat-
ible solutes (Barnabás et al. 2008; Ehleringer and Cooper 
1992; Jackson et al. 2000; Yokota et al. 2006), instead of 
late-flowering accessions which suffer most. In the climate 
chamber experiments, the drought tolerance potential of all 
accessions was evaluated at 20% WC after flower initiation 
(Figure S1e-h) which enabled us to assess the potential of 
all accessions, including late maturing ones, unlike in the 
field experiment.Ta
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From Ethiopian barley landrace collections, 13 accessions 
were selected as tolerant to severe drought stress in the cli-
mate chamber experiment, while three landrace accessions 
were selected based on their stable grain biomass perfor-
mance in field experiments. One accession (B191.1) was 
found in both experiments in the top 20 accessions (Sup-
plementary Table S2). Nevertheless, general grain biomass 
reduction due to drought stress was observed, i.e. 47.4% 
and 79.8% in FS and CS treatments, respectively (Table 1). 
According to Samarah et al. (2009), drought resulted in a 
73% to 87% grain yield reduction in barley, whereas Li et al. 
(2006) reported 25% grain yield reduction for tolerant geno-
types and 50% to 55% grain yield reduction for susceptible 
genotypes; thus, the observed grain biomass yield reduction 
is consistent with previous reports.

Drought stress tolerance is considered a complex trait, 
especially, when the genotypes are evaluated for GB, as GB 
and other important agronomic traits are polygenic traits and 
also influenced by epistasis (Blum 2011). GB reduction by 
drought stress treatments was reported to be strongly cor-
related with different agro-physiological traits. For example, 
a negative correlation with DFL and DM (Vaezi et al. 2010); 

positive correlation with number of spikes and NSdPS, 
SPAD, stomatal conductance and net photosynthesis rate 
(González et al. 2010; Thameur et al. 2012); negative cor-
relation with number of tillers and biomass weight (Teu-
lat et al. 1997, 2003) under drought stress conditions were 
reported. Except for SPAD, which was conversely correlated 
with GB in FS (r =  − 0.42, p < 0.001) and revealed no cor-
relation in CS (Tables 2 and 3), our findings on drought 
treatments were in line with those already reported.

An acceptable rage of heritability was observed for most 
traits in FS treatment (Table 1). Such results are the basis to 
explore the influence of genetic variation on drought toler-
ance and enabled us to exploit the power of GWAS to detect 
important genomic regions associated with drought stress 
tolerance. Previous drought stress studies reported 80% and 
64% of heritablity by Wiegmann et al. (2019), and Thabet 
et al. (2020) for grain yield, respectively. Our observed her-
itability of 76.4% for GB of FS is also in a similar range 
(Table 1).

Previous studies on GWAS for drought tolerance of bar-
ley detected different numbers of QTL across the barley 
genome. 44% of QTLs related to drought tolerance were 

Fig. 1   Genetic map showing identified QTLs of Ethiopian barley lan-
draces for drought tolerance traits under field and climate chamber 
conditions (the physical distance in Mbp). C = centromere region of 
the chromosome; B and L = known start and stop position of genome 
based on Mascher et  al. (2017); QTL in dark green font = FC; red 
font = FS; light green font = CC; pink font = CS; QTLs inside boxes 
were linked; 1H to 7H for barley chromosome, the first letter “F” and 
“C” designated for field and climate chamber experiment, respec-

tively; the second letter designated for treatments “C” for control 
treatment and “S” for drought stress treatment; the rest letter for vari-
ables “DM” for days to maturity, “GB” for grain biomass, “NSdPS” 
for number of seeds per spike, “PH” for plant height, “TKW” for 
thousand kernel weight, “HI” for harvest index; “*” constitutive 
QTLs, “*E” constitutive QTLs but across treatments of climate cham-
ber and filed experiments
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identified on chromosomes 2H and 3H by Zhang et  al. 
(2017) using meta-analysis; 52% and 54% of significant 
markers were located on chromosomes 2H and 3H in stud-
ies by Mora et al. (2016) and Gudys et al. (2018), respec-
tively. In other studies, the most significant markers were 
reported for chromosomes 2H and 4H (Wójcik-Jagła et al. 
2018); and 5H (Wehner et al. 2015). In our study, on chro-
mosome 2H 24 out of 58 (41.4%) markers associated with 
traits under drought stress were detected (Supplementary 
Table S4). Therefore, chromosome 2H was the most impor-
tant for drought tolerance of Ethiopian barley landraces, not 
only because it had the most MTAs, but also because it had 
the highest LOD values (Table 7).

Genes that are expressed constantly in different environ-
ments are considered constitutive genes. Mostly, such genes 
are expressed at an intermediate level and provide imme-
diate response when the environment is changing. How-
ever, to acquire an optimal level of protein from adaptive 
genes, the optimal environmental signal is needed (Geisel 
2011). Therefore, constitutive types of genes are important 
to withstand mild drought stress. In this study, a pair of six 
constitutive QTLs distributed across five loci were detected 
on chromosomes 2H (2), 4H (1), and 5H (2) (Fig. 1). The 
intensity of drought stress in FS was moderate compared 
with CS. As a result, 4 out of 6 constitutive QTLs were 
identified in FC and FS for TKW (1), PH (1) and NSdPS (2). 
The remaining two constitutive QTLs were on chromosome 
5H at 10.35–12.04 Mbp, for GB in FC and CS, the other for 
TKW in CC and FS on chromosome 2H (Fig. 1).

The constitutive QTLs for the complex trait of GB were 
identified in FC and CS on chromosome 5H at 10.35–11.77 
Mbp (Table 7 and Fig. 1). The identification of such QTLs 
is important as the level of stress in CS was very high com-
pared to FS, and another constitutive QTL was observed at 
this locus for PH as it was detected in FC and FS (Supple-
mentary Table S3).

The study identified 87 significant genes, 51 of which 
were associated with at least one Gene Ontology (GO) term 
(Supplementary Table S3). GO term enrichment analysis 
was conducted using the Singular Enrichment Analysis tool 
in GO analysis toolkit and database for agricultural commu-
nity, AgriGO v2.0 (https://​syste​msbio​logy.​cpolar.​cn/​agriG​
Ov2/​index.​php) (Tian et al. 2017); and, showed only one 
enriched GO terms based on a Bonferroni adjusted p-value; 
however, using the non-adjusted method, a total of six sig-
nificant GO terms were found (Supplementary Table S5).

Three GO terms were associated with biological pro-
cesses, whereas two and one were associated with molecular 
function, a cellular component, respectively. Specifically, 
the GO terms in the biological process are GO:0010468 for 
regulation of gene expression, GO:0060255 for regulation 
of macromolecule metabolic process, and GO:0019222 for 
regulation of metabolic process; GO terms in the molecular 

function are GO:0003700 for transcription factor activity, 
and sequence-specific DNA binding, and GO:0003677 for 
DNA binding, while in the cellular component GO:0005634 
was in the nucleus (Supplementary Table S5).

Except for chromosomes 3H and 7H, on which no linked 
QTLs were detected, other chromosomes carry at least two 
linked QTLs (Supplementary Table S3). One of the loci on 
2H at 29.85–30.19 Mbp contains five linked QTLs (3 = CS, 
1 = CC, and 1 = FC) for different traits (HI, GY, NSdPS, DM, 
and TKW) (Table 7 and Fig. 1); which indicates the impor-
tance of the locus to govern multiple traits. Gordon et al. 
(2020) also detected the association of multiple traits such as 
heading date, plant height, and kernel length on chromosome 
2H at 27.2–29.8 Mbp in field drought stress experiments. 
Such effects may be due to the tight linkage of genes or the 
pleiotropic effect of a single gene (Hall et al. 2006). Close 
to these MTAs, the known barely flowering time gene (Ppd-
H1) is located on chromosome 2H at 29.1 Mbp (Cockram 
et al. 2007; Mascher et al. 2017). Different studies also men-
tioned the importance of this locus as it carries a constitutive 
QTL for biomass accumulation in greenhouse experiments 
(Dhanagond et al. 2019), besides flowering time QTL and 
other grain yield related traits (Ogrodowicz et al. 2017; Tha-
bet et al. 2018) in field and greenhouse experiments.

The locus on 2H (764.05–766.08 Mbp) is the only over-
lapping locus for the same trait of (HI) in CS and FS. In 
LD with this locus is an MTA at 767.06 Mbp for NSdPS 
in FS also detected (Fig. 1 and Supplementary Table S3). 
Overlapping MTAs between FS and CS are one of the pos-
sible indicators for the presence of similar drought tolerance 
mechanisms in both experiments. Although there were 17 
loci, that revealed linked QTLs detected in this study, only 
three of them, which were mapped on chromosomes 2H 
(764.05–767.06 Mbp) for HI, 5H (10.35–11.77 Mbp) for 
GB and PH, and 6H (558.86–558.88 Mbp) for TKW and GB 
which also had the highest effect values, were detected in CS 
and FS, respectively (Fig. 1 and Supplementary Table S3). 
This may be due to the fact, that drought stress experiments 
conducted in pots do not represent actual field conditions, 
as pot experiments typically favor cultivars that are sensitive 
to ABA and give minor credit to drought tolerance mediated 
through high osmotic adjustment and a deep root system 
(Blum 2011). Furthermore, in our study at the FS locations, 
early flowering accessions were mostly favored over late 
flowering accessions, which may have efficient grain-filling 
capacity (Figure S1a-d).

Several studies reported different significant QTLs and 
candidate genes, that were close to some of the identified 
MTAs in our study. For example, one of the constitutive 
MTAs reported here for NSdPS in FS and FC was detected 
on chromosome 5H at 622.30–623.95 Mbp. Close to these 
MTAs, a QTL associated with grain yield and biomass 
was reported by Al-Abdallat et al. (2017) and Mora et al. 

https://systemsbiology.cpolar.cn/agriGOv2/index.php
https://systemsbiology.cpolar.cn/agriGOv2/index.php
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(2016), respectively in field experiments. Furthermore, 
on chromosome 5H at 623.5 Mbp, HvHsfA2e, and Dhn9 
genes, which are expressed in response to heat stress 
(Mikołajczak et al. 2022) and drought stress (Banerjee 
and Roychoudhury 2016; Graether and Boddington 2014), 
respectively, are located and known to be associated to 
biomass development during a drought stress period in 
Dhanagond et al. (2019). Although the reported QTL was 
mapped on chromosome 5H at 617.1 Mbp, an association 
with the number of seeds and spikelets per main spike 
were reported by Ogrodowicz et al. (2017).

The constitutive QTLs for TKW in field experiments were 
mapped on chromosome 2H at 654.17 Mbp. At 652.0 Mbp 
the row type determining gene Vrs1 is located. Vrs2 is also 
mapped on chromosome 5H at 564.4 Mbp. In a close prox-
imity to the Vrs2 locus at 562.55 Mbp on chromosome 5H, 
an MTA for HI in CS was detected in our study. Further-
more, a QTL associated with biomass recovery after drought 
stress in a greenhouse experiment was reported near to the 
Vrs2 locus in Dhanagond et al. (2019), and Al-Abdallat et al. 
(2017) also reported a QTL associated with awn length in 
a drought-prone location. Six-rowed barley has more flo-
rets than two-rowed barley, allowing to produce more seeds 
per spike. Concordantly in our study, a strong and positive 
correlation of NSdPS and GB was observed (Table 3 and 
Table 4). Dodig et al. (2018) have shown the absence of clear 
differences in drought tolerance in two row type of barley 
but observed that six-rowed barley demonstrated a better 
grain yield stability while two-rowed barley showed bet-
ter drought tolerance as well as better kernel weight during 
a defoliated drought treatment. Furthermore, Kandic et al. 
(2019) revealed that six-rowed barley has higher percentage 
of grain yield reduction than two-rowed barely in a defoli-
ated drought stress field experiment. Therefore, the differ-
ence in row type resulting in a change in GB and TKW in 
our study, ultimately contributed to the difference in HI in 
CS treatment.

An MTA on chromosome 4H at 8.82 Mbp was also iden-
tified for GB in CS (Table 7). QTLs at LD with this locus 
were reported to be associated with hectoliter weight and 
dry biomass in drought stress treatments conducted in field 
and greenhouse experiments (Mora et al. 2016; Pham et al. 
2019), which had a positive correlation with grain yield in 
these studies. In FS, one MTA with GB was mapped on 
chromosome 7H at 15.1 Mbp (Table 7). Although the iden-
tified QTLs were out of LD, Pham et al. (2019) reported an 
association with relative growth rate in a greenhouse drought 
experiment on barley at 10.2 Mb. The MTA on chromosome 
7H, at 3.9 Mbp was found to be associated with DM in FS 
(Table 7). A candidate gene known as DWARF 3 (HvD3) 
was reported very close to this MTA in a greenhouse con-
ducted experiment (Alqudah et al. 2018; Pham et al. 2019), 
that has a strong correlation with environmental response 

and a significant association with agronomic, physiological 
traits and leaf blade as well as grain yield.

ELF3, also known as eam8 was mapped on chromosome 
1H at 556.9 Mb (Faure et al. 2012; Mascher et al. 2017; 
Zakhrabekova et  al. 2012), and it promotes the transi-
tion from the vegetative development to the reproductive 
stage. HvCMF6a and HvCMF6b, which have similar effect 
like ELF3 were also mapped on chromosome 1H located 
closely at 558.2 Mbp (Cockram et al. 2012; Mascher et al. 
2017). In our study, MTA associated with DM in FS and 
CS was detected on chromosome 1H at 547.73 and 556.67 
Mbp, respectively. DM had a strong correlation with DFL 
(r = 0.81, and 0.85, p < 0.001 for FS and CS respectively), 
and genes associated with DFL may have a role in DM. 
Additionally, an MTA for NSdPS was detected on chro-
mosome 1H at 557.95 Mbp in CS. In field and greenhouse 
experiments Hu et al. (2018), and Pham et al. (2019) dis-
covered QTL close to these loci, which have an influence 
on drought stress tolerance or play a role in the increase of 
grain yield related traits.

MTAs with the highest PVE values were on chromosome 
5H and 2H at 635.61 and 676.75 Mbp for CS of DM and FS 
of PH with annotation of ‘triacylglycerol lipase SDP1’ and 
‘acyl-CoA thioesterase family protein’, respectively (Supple-
mentary Table S3). Perlikowski et al. (2022) explained the 
storage of triacylglycerol in the chloroplast during drought 
helps to prevent the storage of toxic fatty acids in monocots.

In rice, the overexpression of rice acyl-CoA thioesterase 
was reported to increase grain weight by 47% by improv-
ing the grain filling rate (Zhao et al. 2019). The presence 
of a significant positive association of plant height with 
leaf length and area of flag leaf to the fourth leaves was 
reported by Du et al. (2019), and in our study, the presence 
of a significant positive association between PH and GB in 
FS was observed (Table 3), which may be associated with 
the remobilization of important nutrients to grain during 
drought stress period. Additionally, maize acyl-CoA-binding 
proteins were reported to be expressed during drought stress, 
and the overexpression of the protein improves drought tol-
erance (Zhao et al. 2019).

Physiological maturity is an important stage at which the 
maximum GB and seed number are attained, and the crop 
stops further growth (Calderini et al. 2000). In our study, 
the importance of the trait was also demonstrated as it was 
strongly and negatively correlated (p < 0.001) with most 
other traits analysed (Table 3 and Table 4) in FS and CS. 
The occurrence of drought significantly reduced the time 
to maturity (Table 1). A number of annotations associated 
with DM in FS and CS were identified in this study. 1-ami-
nocyclopropane-1-carboxylate oxidase (ACO) was one of 
these identified in FS (gene id of ‘HORVU6Hr1G079640’) 
mapped on chromosome 6H at 538.29 Mbp (Supplementary 
Table S3). This protein was considered as a rate-limiting 
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enzyme in ethylene production (Houben and Van de Poel 
2019), and a study demonstrated that the ratio between ABA 
and ethylene has a significant role in differentiating between 
drought tolerant and susceptible seedlings of wheat geno-
types (Valluru et al. 2016).

In general, different QTLs that influenced drought stress 
tolerance of barley were reported by different studies (Dhan-
agond et al. 2019; Hu et al. 2018; Pham et al. 2019; Thabet 
et al. 2020, 2018), which are located in the vicinity of those 
detected QTLs in this study. Furthermore, QTLs were also 
reported around the same genome regions that influenced 
different traits by Abdel-Ghani et al. (2019), Al-Abdallat 
et al. (2017), Ogrodowicz et al. (2017), Sallam et al. (2019), 
and Wehner et al. (2015).

GWAS have been used to investigate agro-physiological 
important traits in barley (Afsharyan et al. 2023; Elbasyoni 
et al. 2022; Li et al. 2022; Thabet et al. 2020; Wehner et al. 
2016a, b; Wehner et al. 2015; Wójcik-Jagła et al. 2018; 
Xiong et al. 2023), but the presence of a high false posi-
tive rate result was the major challenge (Tibbs Cortes et al. 
2021). Beside the application of different p-values correction 
methods like FDR (Benjamini and Hochberg 1995) and Bon-
ferroni methods, different GWAS models were developed 
to improve the computational power and efficiency. The 
multi-locus GWAS model of the multi-locus mixed model 
(MLMM) (Segura et al. 2012) had better performance than 
the single-locus GWAS models. Fixed and random model 
circulating probability unification (FarmCPU) (Liu et al. 
2016) and its modified version (BLINK) had better perfor-
mance than MLMM (Tibbs Cortes et al. 2021). The GWAS 
result obtained from this study had less false-positive result 
as the analysis was conducted using the BLINK model. 
However, to utilize the significant MTAs in the breeding 
program, validation of markers is required, as it ensures the 
marker’s reliability and helps to evaluate its performance 
before applying them for crop improvement (Rawat 2023).

Conclusion

The drought stress experiments were conducted in natu-
rally drought-prone areas of Ethiopia and in the climate 
chamber at 20% WC after flowering. The occurrence of 
drought reduced all the analysed traits, except DFL in the 
climate chamber, but the highest reduction was exhibited 
for GB in both experiments, which indicates that a small 
effect of drought in each trait can result in a high grain bio-
mass penalty. The accession B191.1 was the only acces-
sion found to be tolerant to drought stress in the top 20 of 
both experiments based on HM and DSI drought indices. 
Strong positive correlation coefficient (p < 0.001) between 
GB and HI in CS and FS also demonstrated the potential 

of the landraces in future breeding programs. The pres-
ence of an acceptable level of heritability in most traits in 
FS rather than in FC, and a better correlation coefficient 
between FS and CS than FC and CC, suggested a better 
adaptability of Ethiopian genotypes to different levels of 
drought. Using GWAS, 58 marker trait associations (23 for 
FS and 35 for CS) influencing drought tolerance in Ethio-
pian barley landraces were identified. The study found 
that DM was strongly associated with TKW, NSdPS, PH, 
SPAD, and HI traits of FS and CS treatments, indicating 
the importance of DM for drought tolerance. Chromosome 
2H was considered most important, as it possessed the 
highest number (7 and 17) of MTAs for FS and CS, respec-
tively, MTAs with the highest LOD values, as well as a 
locus with multiple overlapping MTAs (Fig. 1, Table 7, 
and Supplementary Table S3). The presence of only one 
overlapping MTA between a trait obtained in FS and CS, 
could be due to the pot experiments favouring more ABA 
sensitive genotypes (Blum 2011). MTAs that were close to 
known flowering genes such as Ppd-H1 and EFL3, as well 
as the barley row type determining locus Vrs1 and Vrs2 
were identified. In general, this study provides an insight 
into the drought tolerance potential of Ethiopian barley 
landraces and identifies important genome regions with 
potential candidate genes. However, additional research 
will be required to validate the detected MTAs.
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